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LHC: future measurements and reach - Paolo Giacomelli 

Facing the Scalar Sector, 31/05/2013

σ/σSM = 

0.80±0.14

New boson with a mass of ~125 GeV

5

The new boson is consistent with 

being the SM scalar boson

m4l=125.8±0.5±0.2 GeV
mγγ=126.8±0.2±0.7 GeV

•We have discovered a SM-like scalar boson with a mass of ~125 GeV.

•JPC, consistent with SM scalar boson, couplings will need more data.

Friday, 31 May 13

• Discovered with ~1/2 machine design energy
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We are about to explore a new territory!

Friday, 31 May 13

• Discovered with ~1/2 machine design energy
• New era of  exploration & discovery:  13 TeV LHC Run

• Only discovery machine at the Energy Frontier for foreseeable future

• Much (much) more landscape will be revealed in a few years!  

• Huge impact on the future of  our field!
• Truly (perhaps even the most) exciting time in HEP!
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Physics program priorities 

•  With LHC 7-8 TeV data until end 2012 (~30 fb-1) 
–  Initial characterization of Higgs-like boson 

•  spin/parity at 3-4 sigma level 
•  combined signal strength with ~15% precision 

–  Search for natural SUSY and other possible new physics 

•  With LHC 13/14 TeV data until ~2022 (~300 fb-1) 
–  Measure Higgs-like boson properties 

•  individual specie couplings at 5-10% precision 
–  Search for new physics at higher mass scale 

•  With HL-LHC 13/14 TeV data until ~2032 (~3000 fb-1) 
–  Measure Higgs-like couplings with ultimate precision 
–  Study WW scattering 
–  Search for new physics in rare processes 
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• Need detectors and trigger with high performances from low to 
high energy scales 
– 125 GeV SM-like boson measurements
– Multi-TeV new physics searches

• Phase 1 Upgrade: twice LHC design luminosity
– Event pileup reaches ~50 collisions per beam crossing (@ 25 ns)
– Factor 5 increase in trigger rates relative to 2012 run

• Phase 2 Upgrade: 5x LHC design luminosity
– Event pileup reaches ~140 collisions per beam crossing (@ 25 ns)
– Need solutions to cope with very high rates (10-15 x 2012), radiation and 

pileup
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Pileup at 25 ns and  L = 2x1034 cm-2s-1 
17 

Basically, life will not be easy… 

17 
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- Minimize	  material	  in	  tracking	  devices
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Reconstruction of hard collisions in high 
pileup environment requires detectors with 
very high granularity: 

•  efficient association of charged tracks to 
collision vertices  

•  reconstruction of charged and neutral 
particles in jets 

•  pileup neutrals corrected w/global energy 
density (ρ) 

MUONS 

Efficiency is stable in 
high PU environment 

Muon isolation 

7 

Pileup challenges 

Physics with high pileup requires full 
particle flow reconstruction assuring: 
•  precise jet energy correction 
•  robust missing energy measurement 
•  efficient lepton isolation  

Very efficient reconstruction code is 
needed to stay within computing budget 
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   Trigger challenge in 2012 

Luminosity µb-1s-1 

v3 

v4 

IsoMu24_PFjet30_PFJet25_Deta3_CentralPFJET25 

Particle Flow Jet Energy 
corrections cured non-
linearities of hadronic 
triggers 

HLT CPU time:  
!  linear with PU, no sign of runaway 

Trigger Cross-sections: 

8 

High trigger efficiency while keeping the trigger rate within budget was 
one of the biggest challenges of the CMS experiment in 2012 
 
The experience obtained in 2012 with peak pileup of ~35 events gives 
confidence for high-luminosity running post Long Shutdown 1 
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LHC: future measurements and reach - Paolo Giacomelli Facing the Scalar Sector, 31/05/2013

σ/σSM = 

0.80±0.14

New boson with a mass of ~125 GeV

5

The new boson is consistent with 
being the SM scalar boson

m4l=125.8±0.5±0.2 GeV

mγγ=126.8±0.2±0.7 GeV

•We have discovered a SM-like scalar boson with a mass of ~125 GeV.
•JPC, consistent with SM scalar boson, couplings will need more data.

Friday, 31 May 13
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VV Scattering at LHC - Paolo Giacomelli Higgs Quo Vadis

Higgs production and decay
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LHC Nobel Symposium,15 May ‘13

Guido Altarelli
Roma Tre/CERN

The Higgs: 
so simple yet so unnatural

3 Current$viewpoints$

*G. Altarelli: https://indico.cern.ch/conferenceDisplay.py?confId=239571  

mH ~ 126 GeV is compatible with the SM and also 
with the SUSY extensions of the SM

mH ~126 GeV is what you expect from a direct interpretation
of EW precision tests: no fancy conspiracy with new physics 
to fake a light Higgs while the real one is heavy 
(in fact no “conspirators” have been spotted: no new physics)

Strumia

Is it really the SM Higgs boson?

Precise measurement of couplings
Confirm JPC=0++

Heavier Higgs-like particles? 2HDM, MSSM?

The next challenge!

A malicious choice! mH = 125.6 ± 0.4 GeV

Presentations/discussions$
(Nobel'Symposium,'May'12417'Uppsala)'

Talk'by'G.'Alterelli*'
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Situation now 

10 

Overall best-fit signal 
strength in the 
combination:  
 
σ/σSM = 0.88±0.21 

Fit to CV and CF 
(couplings to bosons 
and to fermions) 

As of today, 125 GeV resonance is compatible with the SM Higgs boson 

arXiv:1209.2716 

σ/σSM = 0.80 ± 0.14
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LHC: future measurements and reach - Paolo Giacomelli Facing the Scalar Sector, 31/05/2013

SUSY
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
LHCP 2013

 = 7 TeVs
 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

Mass scales [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

333
'λ  τ tb→ t~
233
'λ  µ tbt→ Rt

~ 233
λt  ντµ → Rt

~ 123
λt  ντµ → Rt

~ 122
λt  νeµ → Rt

~ 112
''λ qqqq  → 

R
q~

233
'λ  µ qbt→ q~
231
'λ  µ qbt→ g~
233

λ  ν qll→ q~
123

λ  ν qll→ q~
122

λ  ν qll→ q~
112

''λ qqqq  → g~
112

''λ qqq  → g~
233
'λ  µ qbt→ g~
231
'λ  µ qbt→ g~
233

λ  ν qll→ g~
123

λ  ν qll→ g~
122

λ  ν qll→ g~

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-13-003 L=19.50 /fb

SUS-13-003 L=19.50 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

EXO-12-002 L=4.80 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-12-027 L=9.20 /fb

SUS-13-003 L=19.50 /fb

EXO-11-060 L=5.00 /fb

Summary of CMS RPV SUSY Results*

CMS Preliminary

LHCP 2013

 = 7 TeVs
 = 8 TeVs

Prompt LSP decays

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

SUSY limits at a glance
EWKinos                ~200-400 GeV
Stop, sbottoms       ~200-600 GeV
Squarks, gluinos    ~600-1300 GeV 

Friday, 31 May 13
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• SUSY seems to be at a 

higher mass-scale than 
accessible at 8 TeV, 
• BUT relaxing only a few 

(unmotivated) model 
assumptions:
➜ Weak-scale SUSY alive & well!
➜ Compressed spectra

• Higgs suggests 
minimal SUSY models
might be very heavy; 
• BUT non-minimal SUSY models

do not have those constraints!

• SUSY as a principle 
remains both alive & well!
• To it's credit, LHC has successfully 

killed several toy SUSY models!
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Approaches adopted for physics projections

• assume that an upgraded detector will compensate the effects of 
the higher pile-up, using three different scenarios:
- Scenario 1: all systematic uncertainties are kept unchanged 

with respect to those in current data analyses
- Scenario 2: the theoretical uncertainties are scaled by a factor 

of 1/2, while other systematical uncertainties are scaled by 1/√L
- Scenario 3: set theoretical uncertainties to zero, leave other 

syst. uncertainties the same as in 2012
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• Upgraded detector performances assumed the same as 2012 detector
• Three scenarios:

• Scenario 1: same systematics as in 2012
• Scenario 2: theory systematics scaled by a factor ½, other systematics 

scaled by 1/√L
• Scenario 3: same exp. syst. as in 2012, w/o theory uncertainty

10 fb-1, 7 and 8 TeV (Scenario 1)
300 fb-1 , 14TeV (Scenario 2)
300 fb-1 , 14TeV (Scenario 3)
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• Upgraded detector performances assumed the same as 2012 detector
• Three scenarios:

• Scenario 1: same systematics as in 2012
• Scenario 2: theory systematics scaled by a factor ½, other systematics 

scaled by 1/√L
• Scenario 3: same exp. syst. as in 2012, w/o theory uncertainty

10 fb-1, 7 and 8 TeV (Scenario 1)
300 fb-1 , 14TeV (Scenario 2)
300 fb-1 , 14TeV (Scenario 3)

With 300 fb-1 the 
precision on the signal 
strength is expected to 
be 10-15% per channel 
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• Three scenarios:
• Scenario 1: same systematics as in 2012
• Scenario 2: theory systematics scaled by a factor ½, other systematics 

scaled by 1/√L
• Scenario 3: same exp. syst. as in 2012, w/o theory uncertainty

300 fb-1 14 TeV, Scenario 1
300 fb-1 14 TeV, Scenario 2

With 300 fb-1 the uncertainties on the 
Higgs couplings are expected in the 
range  σ (κV ) ~ 3-6%   
      σ (κf  ) ~ 5-15% 

1σ

2σ

Full line: Scenario 1
Dotted line: Scenario 3
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• Extrapolation by two orders of magnitude to higher luminosity 
– is subject to large uncertainties
– scenarios 1 and 2 provide likely upper and lower bounds

• Experience at LEP and Tevatron indicates that scaling with 1/√L is not unrealistic

• With 3000 fb-1 the Higgs couplings 
can be determined with high 
precision (1-4%) 

Scenario 1: systematics as in 2012
Scenario 2: theory syst. scaled by a factor ½,
other systematics scaled by 1/√L

CMS
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• Nature has not easily revealed her secrets
• many possible roads beyond the SM

• the potential for unexpected new discoveries is very rich

• cannot cover all the different models or possibilities in this talk

• I will focus on one, well known, well studied example
• Supersymmetry

• can (and does) act as a proxy for many other types of  BSM

• arguably well motivated (will not review here)

• In any event
• we publish our search results in terms of  Simplified models

• allows theory community to "re-interpret" our results in terms of  
their favourite BSM model
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LHC at 14 TeV expands the reach for SUSY particles to much higher 
masses. (HE-LHC at 33 TeV does it even more)
As expected, the gain with HL-LHC is more modest (~25%) in this case.

SUSY reach with 300 fb-1

EWKinos up to ~ 800 GeV

Stops,sbottoms up to ~ 1TeV

squarks,gluinos up to ~2.5 TeV
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• High mass inclusive searches for strong 

production
• highest impact with increased energy

• Moderate mass searches for EWK production
• combination of  energy and luminosity needed

• 3rd Generation Searches and Natural SUSY
• Light stops, sbottoms, EWK-inos
• Detector performance crucial!

Good MET resolution & high performance b-tagging needed

• Compressed spectra scenarios:
• Leads to soft jets, soft leptons, soft MET

• needs trigger which maintains low threshold

• need good MET resolution

• Natural SUSY often has near degeneracies in EWK-ino sector   
• 1st & 2nd generation squarks may not be degenerate!

• SUSY signatures involve all objects!!
• upgrade performance important for all objects

26
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up to 650 GeV for massless LSP

Stops could still be very light, if  LSP
is heavy!

Leads to compressed spectrum!
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Figure 3.2: Simulated distributions for direct stop quark production of (a) pT of the muon and
(c) pT of the jet, and the fraction of events passing a particular threshold on (b) pT of the muon
and (d) pT of the jet for three different stop quark and neutralino masses in the T2bw scenarios.
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Stops could still be very light, if  LSP
is heavy!
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Vital to maintain trigger thresholds as 
low as possible!
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Figure 3.3: Direct stop quark production (T2bw): Two-dimensional efficiency map for the muon

channel of the most compressed scenario, where the stop quark mass is 600 GeV and the neu-

tralino mass 450 GeV. The other compressed spectra scenarios show similar efficiencies and

scenarios with non-compressed spectra show higher efficiencies. The 95% (80%) efficiency con-

tour is shown in the solid (dashed) blue line.
Table 3.7: Summary of the 95% thresholds applied under different scenarios in units of GeV for

two different parameter sets of the T2bw direct stop-quark production scenario.
1.1 ⇥ 1034 cm�2s�1, 50 ns

2.2 ⇥ 1034 cm�2s�1, 25 ns

Trigger
Current Level-1 Upgraded Level-1 Current Level-1 Upgraded Level-1

Single iso e/g + Jet 32, 68
23, 66

38, 82
27, 78

Single Mu + Jet
22, 43

16, 55
27, 54

18, 52

Table 3.8: Signal efficiencies using the thresholds envisaged for the different scenarios for the

current Level-1 and upgraded Level-1 systems at 1.1 and 2.2 ⇥1034 cm�2s�1 for two different

parameter sets of the T2bw direct stop-quark production scenario.
1.1 ⇥ 1034 cm�2s�1, 50 ns 2.2 ⇥ 1034 cm�2s�1, 25 ns

Scenario Trigger
Current L1 Upgraded L1 Current L1 Upgraded L1

T2bw Single iso e/g + Jet 74.7%
83.2%

74.9%
84.0%

(600,150) Single Mu + Jet
83.4%

87.6%
85.0%

88.3%

T2bw Single iso e/g + Jet 55.8%
68.2%

50.3%
64.8%

(600,450) Single Mu + Jet
78.1%

81.6%
76.4%

84.5%

3.6 R-Parity Violation Model with Stop Quark Decay to Multijets

While the thresholds for first and second generation squarks and gluinos have been

constrained to more than 1 TeV in certain scenarios of R-parity conserving models, the

limits are much weaker in R-parity violating (RPV) models. One of the challenges after

the LHC upgrade will be triggering on multijets, since pile-up interactions will contribute

to the energies of jets from the primary hard interactions, and there will also be jets

directly from the pile-up interactions. While most of the R-parity conserving SUSY

~ ~ ~ ~

  [GeV]t~ m
200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

SUS-13-011 BDT analysis

*t~t~→pp
1-lepton channel 1

0
χ∼t →t~

, x=0.5
1
+
χ∼b →t~

Observed
Expected

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS Preliminary                                  

W

 = 
m

0
1χ∼

 - m±
1χ∼m

t

 = 
m

0
1χ∼

 - mt~m

W

 = 
m

0
1χ∼

 - mt~m



06.06.2013

FermilabHelping to make it all happen: The LPC

30



06.06.2013

FermilabHelping to make it all happen: The LPC

30

• Fermilab largest HEP laboratory in US supporting Energy Frontier

• Facilitating all possible CMS activities (hardware, software, trigger, etc)



06.06.2013

FermilabHelping to make it all happen: The LPC

30

• Fermilab largest HEP laboratory in US supporting Energy Frontier

• Facilitating all possible CMS activities (hardware, software, trigger, etc)
• LPC an established regional center for Energy Frontier activities

• CMS physics analysis & detector upgrades 
• > 350 users, > 100 residents, ≈ 700 active on local computing

• interactions extend beyond CMS:   ATLAS, Snowmass, EF Workshops, etc



06.06.2013

FermilabHelping to make it all happen: The LPC

30

• Fermilab largest HEP laboratory in US supporting Energy Frontier

• Facilitating all possible CMS activities (hardware, software, trigger, etc)
• LPC an established regional center for Energy Frontier activities

• CMS physics analysis & detector upgrades 
• > 350 users, > 100 residents, ≈ 700 active on local computing

• interactions extend beyond CMS:   ATLAS, Snowmass, EF Workshops, etc
• LPC the local (US) center of  excellence for CMS physics.

• Proximity to broad range of  expertise under one roof
• Access to outstanding computing resources & software support
• Analysis & upgrades in same locale ➜ synergies!

• upgrade activities in HCAL, Pixels, Silicon Strip, Trigger...
• analysis activities in Higgs, SUSY, Exotics, Standard Model...

• A vibrant local intellectual community 



06.06.2013

FermilabHelping to make it all happen: The LPC

30

• Fermilab largest HEP laboratory in US supporting Energy Frontier

• Facilitating all possible CMS activities (hardware, software, trigger, etc)
• LPC an established regional center for Energy Frontier activities

• CMS physics analysis & detector upgrades 
• > 350 users, > 100 residents, ≈ 700 active on local computing

• interactions extend beyond CMS:   ATLAS, Snowmass, EF Workshops, etc
• LPC the local (US) center of  excellence for CMS physics.

• Proximity to broad range of  expertise under one roof
• Access to outstanding computing resources & software support
• Analysis & upgrades in same locale ➜ synergies!

• upgrade activities in HCAL, Pixels, Silicon Strip, Trigger...
• analysis activities in Higgs, SUSY, Exotics, Standard Model...

• A vibrant local intellectual community 
• Interaction with theory community very fruitful

• new ideas brought into real experimental analyses
• stealth susy, jet substructure, etc

• Visiting scientists & seminars weekly
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• LPC contribution to Snowmass
• Defined tools for simulation; high impact in shaping 

dialogue
• Led MC background simulation for future hadron colliders

• available to entire Snowmass community
• Snowmass leadership

• Andrei Gritsan - Higgs Convener; 
Meenakshi Narain - New Phenomena convener
Yuri Gershtein - New Phenomena convener; 
Cecilia Gerber - Top convener
Ken Hatayakama - QCD convener;
Jeff  Berryhill - Technical Advisor
Sanjay Padhi - Technical Advisor

• Several snowmass studies underway at the LPC
• Examples:  t', T5/3, heavy higgs H and A with H->WW, ZZ, 

A->Zh, hh
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FermilabConclusion
• The LHC is a Discovery Machine
• New era of  exploration:  13 TeV LHC Run

• Only discovery machine at the Energy Frontier for foreseeable future

• Much (much) more landscape will be revealed in just a few years!  

• Huge impact on the future of  our field!

• Truly exciting time in HEP!

• The Physics Potential at High Energy and at High 
Luminosity is compelling
• Precision Higgs Measurements

• Natural EWSB; Supersymmetry

• Unexpected New Phenomena

• The LHC Physics Center is playing a central role
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